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automated and can be used to make return and/or insertion 
loss measurements from 60 to 90 GHz. Measurement data can 
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I . INTRODUCTION 



A . BACKGROUND 

In the past few years the popularity of millimeter-wave 
systems has been steadily increasing. Small physical dimen- 
sions, low power requirements and large bandwidths have 
allowed the advent of millimeter-wave systems in many areas 
of electronics including communicat ions , computer links, 
medicine, radar and radio astronomy. 

With increased system demand comes the need to test 
components of millimeter-wave systems quickly and 
accurately. In the past computer control of a Scalar 
Network Analyzer was possible through the use of an Analog 
to Digital (A/D) converter. Such a system was developed at 
the Naval Postgraduate School in 1983 using the HP-9845B 
computer, HP-47310A A/D converter, HP-875S Scalar Network 
Analyzer, HP-8630C Sweep Controller with the Hughes 47335H 
Full Band Sweep Plug-in and a Re f 1 ec tome t e r Set-up using 
Hughes and Baytron components . I Re f . 11 This system provided 

a means for automated millimeter band measurements from 60 
to 90 GHz. The analog main frames required extensive 
computer control to provide computational data and this 
large amount of peripheral control resulted in slower 
measurement times than would have been expected with an 
automated system. 

. Late model analyzer and sweeper main frames now enable 
direct computer control of all analyzer and sweeper 
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functions. Sweep data can also be internally digitized to 
allow full control and data passing without the need for an 
A/D converter. This ability to allow main frame control of 
functions which were originally computer controlled 
simplifies software commands and speeds, up the measurement 
process. Hughes Aircraft Company now offers such a system 
utilizing the HP-85 computer, HP-8756 or HP-8757 Scalar 
Network Analyzer, HP-8350 Sweep Controller with a Hughes 
Full Band Millimeter-Wave Plug In and a Re f 1 ectometer Set-up 
using Hughes components I Ref. 3:pp. 34-35) . The software is 
customed to the Re f 1 ectometer components selected and the 
desired application. 

Improvements in the Naval Postgraduate School 
Millimeter-Wave Scalar Network Analyzer system now offer the 
following features: 

1. MENU DRIVEN computer control of system calibration 
and Device Under Test (DUT) measurements. 

3. The ability to perform several DUT measurements of 
return and/or insertion loss from a single 
cal ibrat ion . 

3. Control of the number of data points used for the 
ca 1 ibrat ion/measurement from a menu choice of seven 
possibilities ranging from 10 data points to 401 
data points. 

4. All of the calibration data is taken before the 
lengthy calculations are started thus minimizing 
operator interface time. 

5. DISPLAY of measurement results either in tabular or 
graphical form. 

6. PRINTER output of measurement results in tabular or 
graphical form. 

7. PLOTTER output using the HP-9873 series high 
resolution multicolor plotter. 



13 



Software modifications have also made insertion loss 
measurments with the "A" coupler installed faster and 
easier. 

B. PURPOSE 

This thesis investigates the performance of an automated 
Millimeter-Wave Scalar Network Analyzer using the following 
components: 

1. HP-9845B Computer. 

3. HP-8350B Mainframe Sweeper with the Hughes Full Band 

Millimeter-Wave Plug-in. 

3. HP-8756 Mainframe Scalar Network Analyzer. 

4. Re f 1 ectometer Setup using Hughes components. 

5. HP-9873 Plotter. 

The system performance will be compared with known 
components, wi th attributes and deficiencies noted. 
Additionally the measurements obtained will also be compared 
with measurements obtained in previous theses and with 
manufacturers component specifications. The systems dynamic 
range will be determined and compared with the Hughes 
Automated Millimeter-Wave Scalar Network Analyzer. 

C . RELATED WORK 

Under the direction of Professor Jeffrey B. Knorr, U. S. 
Naval Postgraduate School, G. S. Leoussis and E. D. Gatsos 
developed the NPS Automated Millimeter-Wave Scalar Network 
Analyzer [Refs. 1,41 . Professor Knorr's development of the 
measurement theory and mathematical models used in the 
software can be found in Reference 3. 
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The Millimeter-Wave Scalar Network Analyzer is a 
waveguide based system. The system must be able to measure 
the incident and scattered RF power of a device under test 
(DUT). Performance is given in terms of the scattering 
parameter amplitudes which can then be used to compute the 
return loss and/or the insertion loss of the DUT. 

In general, scattering parameters can be defined in the 
form: 



S 



Bin 





( i*n) 



( 1 ) 



where S mn is the complex ratio of the variable b m of a 
signal (wave) emerging from port m relative to the variable 
& n of a signal (wave) incident at port n. The Network 
Analyzer is designed to measure parameters proportional to 
1 b m I and la n l so that their amplitude ratio can be computed. 
Since this type of measurement lends itself easily to 
computer control and computations, typically modern systems 
are automated. The objective is to use the measurement 
system to determine the insertion loss, IL, and return loss, 
RL, of a DUT. For illustrative purposes, with the generic 
two-port device in Figure 1 placed in the forward direction 
(Port A driven), the return loss at Port A and the insertion 
loss from Port A to Port B are related to the scattering 
coefficients of the DUT by: 
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Figure 1. Scattering Parameter Signal Flow Diagram for 
a Two Port Network. 
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Figure 2. Basic Diagrams for Return and Insertion Loss 
Me asu r emen t s . 
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If the DUT is reversed, then the return loss at Port B and 
the insertion loss from Port B to Port A can be determined 
as f ol lows : 



RLg - -10 log^QlSggl*' (4) 

IL ba = -10 log 10 IS lg l 3 (5) 

The scalar measurement system is designed to obtain the 
parameters which can be used to determine the magnitude of 
the scattering coefficients and finally the desired return 
and insertion losses. 

Simplified diagrams of the re f 1 ectometers used for 
return loss measurements and insertion loss measurements are 
illustrated in Figures 2a and 2b respectively. The three 
couplers are referred to as the R, A, and B couplers since 
they provide samples of the incident (reference) signal, the 
signal scattered from Port A of the DUT, and the signal 
scattered from Port B of the DUT. Square-law detectors 
located at 3, 4, and 6 provide output voltages proportional 
to the RF-signal power scattered to these three ports. The 
return loss is determined from the ratio V A /Vg , and the 
insertion loss is determined from the ratio Vg/Vg. In an 
ideal system, RL and IL could be determined directly from 
these quantities. In practice, however, these values are 
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corrupted by component differences and imperfections. It is 
necessary, therefore, to first calibrate the system and then 
accept some uncertainty when the measurement is taken. If 
the measurement uncertaint ies can be quantified, then some 
bounds of measurement uncertainty can be determined so that 
meaningful interpretat ion of the results can be made. 

1 , Return Loss Measurement Analysis 

In general, the return loss from a DUT port, k, is 
given by: 

RL k = -10 log 10 (P k -/P k +) (6) 

where P k ~ is the power scattered from port k, and P k + is the 
power inc ident on port k. The. incident and reflected powers 
are detected at ports R and A respectively and the detector- 
output voltages are sent to the scalar analyzer. Referring 
to Figure 3a, the ratio of detector voltages may be 
expressed in terms of the scattering coefficients of the 
re f 1 ec tome ter bridge as: 



V A /V R> = 



>41 

>43 



S 31 ( 



1+S 33 r in )r in! 



(7) 



where a^ is a constant, and is the input reflection 

coefficient of the DUT and where it has been assumed that 
IS 3 3 r in l«l. It should be recognized that ISg^l~l and that 
IS 4 i/S 4 gl<<l will be approximately equal to the directivity 
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a. Coaxial Scalar Network Analyzer. 
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b. Waveguide Scalar Network Analyzer. 

Figure 3. Phasor Diagrams for Establishing 0 dB Return-Loss 
Signal Level in Scalar Network Analyzers. 

of the A coupler. However, the coupler directivity will 
always be an upper bound for IS^/S^gl. 

Before making a measurement, the 0 dB return loss 
reference level must be determined. In a coaxial scalar 
network system the reference value could be determined by 
substituting the DUT by a coaxial short followed by a 
coaxial open and measuring the respective return loss 
values. In this way the two extreme phasor components of 
the signal magnitude could be determined. As illustrated in 
Figure 3a, the 0 dB reference value could then be determined 
by the linear average of the shorted and open measurements. 

Establishing the 0 dB return-loss reference level 
for a waveguide system is somewhat more involved, however, 
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since there is no waveguide equivalent to the open coaxial 
port. Equation (7) indicates that this level could be 
established through the use of a sliding waveguide short. 

In this case, r^ n = e^ and, as the position of the short is 
varied, oneobtains maximum and minimum readings for each 
measurement frequency (see Figure 3b) 

‘Wjaf - * IS S1 I(I.IS 22 I.) . S (8) 

max 

* * lS 2 il(l-IS 2E l) - S (9) 

m in 



where 



8 = C iS 41 /S 4 2l <-l<C<+l> . 



( 10 ) 



If these readings are averaged as follows: 
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cal 
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the 0 dB return-loss reference level and Tj n can be 
established for future measurments. Once this calculation 
has been made then the following can be determined: 



<v A- / VR>£al - < 
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2< V A /T R'>IIf 

avg 



1/S 
ca 1 
min 



IS SS ! + s 



( IS) 



SO 



which will be useful in determining the measurement residual 



uncertainty. I Sgg I is the equivalent of the source 
mismatch, and is determined from (13) with uncertainty no 
greater than the A coupler directivity, S. 



a measurement of the reflected power from the input port of 
the DUT can be made. There is no control over the phase of 
the reflected power. It can be shown, therefore l Ref. 3:p. 
185) , 



The constants and Cg lie in the interval 1-1,1) and 
depend upon the phases of the directivity and equivalent 
source mismatch error signal components relative to the 
signal reflected from the input of the DUT. ISggl was found 
during the calibration and it is assumed that ISg^lsi. 
IS^/S^gl is not generally known as a function of frequency 
but it is bound from above by the coupler directivity, D, as 
specified by the manufacturer. The detector voltage ratios 
may now be determined by 



If the DUT is connected to port 3 of the A coupler, 
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where the worst case uncertainty Ar^ n is given by 

ir in ‘ D - ls 2E lir in |S <1S > 

In order for the proper 0 dB return-loss reference level to 
be determined for all phases of the input signal, the 
sliding short must be moved through a distance of at least 
one half of the guide wavelength, X'. This will ensure that 
the signal passes through a full 360° of phase as 
illustrated in Figure 3b. The calibration algorithm can 
then determine the maximum and minimum values of (V^/Vg) at 
each desired frequency as the sliding short is moved through 
a distance of X ' /Z at the lowest frequency in a specified 
number of steps, in this case 10. These values can also be 
used to compute the range of error for each measurement. 

Interaction between the DUT , the source and the R 
coupler can be minimized through the use of a waveguide 
isolator between the R and A couplers. This will also 
minimize the equivalent source mismatch, ISggl. 

As a final note, the measured DUT input reflection 
coefficient is given by 

( 16) 

the load 



in 



= S DUT 



q DUT c DUT„ 
b lS s Zl r L 



1 1 



1 - S 



riirr: 

zz 1 



where is the reflection coefficient of 
terminating the DUT [Ref. 3:p. 185) Since 



ZZ 



the DUT only if I IV I = 0, the best possible load should be 
placed on port B of the DUT when measuring ir^ n l at port A, 
and vice versa. To achieve the lowest uncertainty for 
return-loss and insert ion- loss data, the unexcited port of 
the DUT should be terminated in a waveguide matched load. 

If a sliding load is used then the error due to load 
reflection may be averaged out in the same manner as the 
equivalent source mismatch error is averaged out during the 
return-loss calibration procedure. This will cause the 
process to be less automated, however, and some compromise 
may be necessary if a computer driven measurement system is 
desired. 

3 . Insertion Loss Measurement Analysis 

Determining the insertion loss requires satisfying 
the equation 

IL kq = - 10 lo £l0 <P q" /p k +) < 17) 

where P^ - is the power scattered from port q of the DUT and 
Pj c + is the power incident on port k of the DUT. Looking at 
the basic setup in Figure 3b, this measurement is taken by 
terminating the network in the B-coupler and samples of the 
incident and scattered waves are coupled to ports R and B 
respectively. The square-law detectors at 3 and 6 produce 
the output voltages Vg and Vg. It can be shown that the 
ratio of these detector voltages in terms of the scattering 
coefficients of the DUT is given by 
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